Curr Sleep Medicine Rep 
DOI 10.1007/s40675-015-0009-9 


FUNCTION OF SLEEP (C CIRELLI, SECTION EDITOR) 


Myoclonic Twitching and Sleep-Dependent Plasticity 
in the Developing Sensorimotor System 

Alexandre Tiriac • Greta Sokoloff • Mark S. Blumberg 


© Springer International Publishing AG 2015 

Abstract As bodies grow and change throughout early devel¬ 
opment and across the lifespan, animals must develop, refine, 
and maintain accurate sensorimotor maps. Here, we review 
evidence that myoclonic twitches—brief and discrete contrac¬ 
tions of the muscles, occurring exclusively during REM (or 
active) sleep, that result in jerks of the limbs—help animals 
map their ever-changing bodies by activating skeletal muscles 
to produce corresponding sensory feedback or reafference. 
First, we highlight the spatiotemporal characteristics of 
twitches. Second, we review findings in infant rats regarding 
the multitude of brain areas that are activated by twitches 
during sleep. Third, we discuss evidence demonstrating that 
the sensorimotor processing of twitches is different from that 
of wake movements; this state-related difference in sensori¬ 
motor processing provides perhaps the strongest evidence yet 
that twitches are uniquely suited to drive certain aspects of 
sensorimotor development. Finally, we suggest that twitching 
may help inform our understanding of neurodevelopmental 
disorders, perhaps even providing opportunities for their early 
detection and treatment. 
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Introduction 

The adult animal possesses a fine-tuned sensorimotor system. 
Fast and efficient integration of motor commands and their 
resulting movements with associated sensory consequences 
is necessary for virtually every action an animal makes. The 
act of grasping a pencil, for example, requires a constant, 
bidirectional flow of information between the sensory and 
motor systems. And yet, despite the obvious importance of 
this sensorimotor integration, we know relatively little about 
where it comes from. A fine-tuned sensorimotor system can¬ 
not simply be endowed or preprogrammed; it must develop, 
and it must do so within the context of a continually and often 
rapidly changing body, with limb sizes and biomechanics 
changing from one day to the next [1]. How, then, do senso¬ 
rimotor networks adapt to these changes? What developing 
animals do while awake certainly matters. Here, we explore 
the ways in which movements during sleep might matter, too. 

Young animals spend the majority of their time asleep. For 
example, human newborns typically sleep for 14-16 h a day, 
of which half is spent in REM (or active) sleep [2—4]. Con¬ 
ventionally, sleep is thought of as a time of behavioral quies¬ 
cence, but this could not be further from the truth, especially 
during early development. Indeed, skeletal muscles through¬ 
out the body twitch frequently during active sleep [5]. As 
muscles twitch and limbs move, tactile receptors and propri¬ 
oceptors transmit signals to the brain (e.g., [6, 7]). Recent 
research suggests that this sensorimotor experience helps to 
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drive activity-dependent development of the sensorimotor 
system [8, 9]. 

Here, we review three aspects of twitching that provide 
insight into their role in sensorimotor development. We begin 
with the behavioral expression of twitches and their spatio- 
temporal structure. Next, we describe how twitches activate 
the central nervous system; we also describe how sensory 
feedback is processed differently during sleep than during 
wakefulness and how this difference may be necessary for 
twitches to contribute to sensorimotor development. Lastly, 
we suggest that studying twitching may help us understand 
better the etiology of certain neurodevelopmental disorders. 

An Ideal Movement 

Twitches of the limbs are first expressed in the late fetal period 
in rats [10, 1 1] and can still be observed in adults [12], albeit at 
a reduced frequency. In rats, the highest amount of twitching 
can be observed during the first two postnatal weeks [13], 
which coincides with a period of rapid growth [1] and the 
emergence of adult-like motor skills [14]. Twitches occur in 
all skeletal muscles that have been investigated thus far, in¬ 
cluding those that control the limbs and digits [5], eyes [15], 
and whiskers [16], and it has been estimated that newborn rats 
produce hundreds of thousands of twitches each day [17]. 
Because motor learning requires copious amounts of experi¬ 
ence [18], the sheer quantity of twitches suggests that they 
serve an important role. 

Quantity matters, but so does quality. Twitches are pro¬ 
duced in a state that allows them to be uniquely discrete and 
salient. Produced only during active sleep, twitches occur 
when all skeletal muscles are atonic [19]. Also, although 
twitches can occur in rapid succession, they rarely happen 
simultaneously [5], further reinforcing their discrete nature. 
In contrast, wake movements are typically composed of con¬ 
tinuous and simultaneous muscle activations. If twitches are to 
provide information about the body to develop, refine, and 
maintain sensorimotor maps [9, 17, 20], then the singular 
event of a discrete twitch would seem to be well suited to 
contributing to those processes. It is much easier to pay atten¬ 
tion to a single event when all else is quiet than when that 
single event is drowned out by a sea of extraneous activity. 

Twitches occur so rapidly and abruptly, and at such low 
amplitudes compared to wake movements, that, to the naked 
eye, they appear to be randomly generated movements with 
no observable structure. High-speed videography combined 
with three-dimensional motion tracking has proven to be a 
powerful tool to reveal the intricate kinematics of twitches 
and how they change across early development [5]. When 
captured at 250 frames per second, what initially looks like a 
single twitch of the forelimb amidst a bout of twitching reveals 
itself as just one piece of a complex, sequential activation of 


twitches at multiple joints within and between limbs. Indeed, 
as early as 2 days of age, rats exhibit such synergistic patterns 
of twitching. 

Furthermore, in the same way that synapses compete 
amongst themselves for access to postsynaptic sites, patterns 
of twitching appear to compete for retention and expression 
during the early postnatal period [5]. That the structure of 
twitches can be shaped by developmental experience suggests 
an underlying change in the spinal and brainstem mechanisms 
that control them. More broadly, they suggest that twitching 
contributes to the fine-tuning of the sensorimotor system as a 
whole, thus influencing the development and expression of 
movements during wake. 

The value of twitching is not limited to biological systems. 
Despite incredible and rapid advances in modem robotics, we 
are still unable to create a robot that can leam and adapt in the 
real world. Some roboticists see this problem as a limitation 
inherent in the way that robots come into being: in short, they 
do not develop and therefore never experience—and never 
leam to adapt to—the variability and vicissitudes of a growing 
body [21]. In taking this idea seriously, developmental 
roboticists created a model of the musculoskeletal system, 
complete with neural circuitry, and provided it with the ability 
to “twitch” and update its circuitry based on sensory feedback 
[22, 23]. Equipped in this way, the system was able to self- 
organize its neural circuitry, including circuits that resemble 
those underlying the most basic spinal reflexes. This mimick¬ 
ing of biological processes within a robotic environment holds 
great promise for testing hypotheses regarding the control and 
functions of twitching in animals. 

The above-described features of twitches are indicative of 
an autonomous mechanism that is capable of providing the 
animal with a sizeable amount of experience to leam about 
its body throughout development. Additionally, this experi¬ 
ence is organized and structured in a way that can change from 
one day to the next as the animal develops its repertoire of 
movements. However, for the organism to benefit from the 
experience provided by twitches, the brain must receive this 
information and process it in a meaningful way. 

An Abundance of Sensory Feedback 

Despite their discrete nature and low amplitude, twitches read¬ 
ily activate the brain. In fact, in response to twitches, bouts of 
neural activity are triggered throughout the brain, including 
the brainstem [24], thalamus [16], hippocampus [6], and pri¬ 
mary somatosensory and motor cortices [6-8]. Arguably, 
twitches are a primary activator of neural activity in the de¬ 
veloping brain. This neural activity is phasic, displaying short 
bursts of action potentials that follow the onset of a twitch, 
indicative of sensory feedback. Furthermore, neural responses 
exhibit different latencies from twitch onset, depending on the 
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distance that the feedback signal must travel and the number 
of interposed synapses. 

The short bursts of action potentials that follow each twitch 
result in strong correlations between twitching and neural ac¬ 
tivity [6, 8, 16]. Such strong correlations result from the dis¬ 
crete nature of twitches within a low-noise environment. It has 
been suggested that correlation-based learning associated with 
twitching contributes to the self-organization of spinal circuits 
underlying the withdrawal reflex [9]. This form of learning 
could also be important for the development and maintenance 
of somatotopic maps. 

To further explore the role of twitching in sensorimotor 
development, we turned our attention to the cerebellum, a 
structure that plays a critical role in sensorimotor integration 
[25] and undergoes tremendous growth in rats over the first 
few weeks of postnatal life [26, 27]. Postnatal changes in 
organization and synaptic connectivity in the cerebellum have 
been proposed to be activity dependent [28-30]. Therefore, if 
twitches activate cells within the cerebellar circuitry, as ob¬ 
served in other brain areas, they could provide precise infor¬ 
mation and thereby facilitate the postnatal development and 
refinement of this sensorimotor structure. 

We focused on Purkinje cells, the sole output of the cere¬ 
bellar cortex. At birth, the Purkinje cell layer is already 
established [26] and neural activity can be measured by the 
third postnatal day in rats [3 1, 32]. Purkinje cells receive two 
primary inputs, climbing fibers and mossy fibers. Climbing 
fibers arise from the inferior olive, and mossy fibers arise from 
a number of brainstem nuclei, including the lateral reticular 
nucleus and pontine gray [33]. In adults, each Purkinje cell 
receives input from only one climbing fiber; in contrast, each 
Purkinje cell receives multiple mossy fiber inputs via the gran¬ 
ule cell-parallel fiber pathway. Early in the postnatal period, 
however, each Purkinje cell is innervated by multiple climbing 
fibers and the granule cell-parallel fiber pathway is undevel¬ 
oped, with mossy fibers forming direct, transient connections 
with Purkinje cells [28, 34, 35]. Because development of the 
cerebellar system continues into the third postnatal week, it is 
a potentially powerful model system for assessing the role of 
twitching on activity-dependent developmental processes. 

Purkinje cells show two distinct firing patterns based on 
input from either climbing fibers or mossy fibers: complex 
spikes and simple spikes, respectively. Although both com¬ 
plex spikes and simple spikes are produced in response to 
peripheral stimulation in young rats, the majority of Purkinje 
cell activity in the developing cerebellum has been thought to 
be spontaneous and random [32, 36]. However, in week-old 
rats, we found that 60 % of Purkinje cells exhibited state 
dependency. Of these Purkinje cells, 65 % exhibited more 
activity during active sleep than during wakefulness [37]. 
Moreover, we found strong correlations between the onset of 
a twitch and the onset of complex and simple spikes; twitches 
preceded both complex and simple spikes. These observations 


promise to help us understand the contributions of twitching 
to the development of the cerebellum and its complex interac¬ 
tions with other structures, including the neocortex [38], as 
well as the role of the cerebellum in the development of motor 
synergies. 


The Sleeping Brain Processes Sensory Information 
in a Unique Way 


In retrospect, it is perhaps not surprising that twitches readily 
activate the cerebellum, thalamus, cerebral cortex, and hippo¬ 
campus. But it was surprising that, time and time again, we 
noted considerably less neural activity in these same structures 
when pups were awake and vigorously moving their limbs. 
What could explain such puzzling observations? Could there 
be differences in sensorimotor processing during sleep and 
wake? To answer this question, we must first review some 
basic features of sensorimotor processing. 

The generation of movements begins with the transmission 
of motor commands from motor areas in the brain and spinal 
cord to the muscles (Fig. la). When a movement occurs, 
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Fig. 1 Hypothetical pathways depicting the sensorimotor neural 
networks of wake-related and sleep-related movements, a Conventional 
model representing wake-related self-generated movements. Motor 
systems generate motor commands that activate muscles, thereby 
eliciting sensory reafference ( green arrow). At the same time, motor 
systems generate a corollary discharge ( red arrow). This corollary 
discharge is then compared to reafference, which can result in 
modulation of the neural feedback before it reaches other downstream 
sensory areas ( black arrow), b Proposed model for the neural circuitry 
involved in the generation and processing of twitches. Similar to other 
self-generated movements, motor systems generate motor commands that 
activate muscles, thereby eliciting sensory reafference ( curved green 
arrow). Unique to twitches, however, the motor systems do not 
generate a simultaneously produced corollary discharge, or 
alternatively, the corollary discharge is generated but its effects are 
inhibited. Because of this, reafference is not compared to corollary 
discharge and is therefore minimally modulated on its way to 
downstream sensory areas ( short green arrow). Adapted from Tiriac 
et al., Current Biology, 2014 
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sensory receptors in the moving limb transmit information 
back to the brain. Also, at the same time that the motor com¬ 
mand is generated, a motor copy, or corollary discharge , is 
produced and transmitted to non-motor areas [39]. This cor¬ 
ollary discharge signal is then compared to the sensory feed¬ 
back produced by the associated movement. If the movement 
happens as expected, and no unknown forces disturb the 
planned movement (i.e., the limb does not collide unexpect¬ 
edly with an external object), the sensory feedback will match 
the corollary discharge signal, informing the brain that no 
unexpected outcome occurred. On the other hand, if the limb 
does collide unexpectedly with an external object, the 
resulting sensory feedback cannot be matched to the corollary 
discharge signal. Because of this mismatch, feedback is re¬ 
layed to downstream sensory areas, informing the brain about 
the unexpected outcome. Using this mechanism, organisms 
are able to understand that the movements they make are 
indeed their own [40]. 

So after repeatedly observing very little neural activity 
when wake movements were produced, we hypothesized that 
corollary discharge mechanisms might be canceling or gating 
the sensory feedback [37]. We further hypothesized that 
twitches, although self-generated, are processed by the brain 
as if they are unexpected (Fig. lb). To test these hypotheses, 
we contrived various experimental paradigms in which infant 
rats produced expected (i.e., in which corollary discharge is 
presumably recruited) and unexpected (i.e., in which corollary 
discharge is presumably not recmited) self-generated move¬ 
ments. If the mechanisms of corollary discharge filter out sen¬ 
sory feedback arising from expected movements, we predict¬ 
ed that only the unexpected self-generated movements would 
trigger neural activity, thereby mimicking what was observed 
with twitches. 

To produce unexpected self-generated movements, we ac¬ 
tivated motomeurons directly in the spinal cord while record¬ 
ing from primary motor cortex (Ml). We chose to record from 
Ml because, contrary to its name, it processes both sensory 
[41] and motor activity during early development [42]. By 
directly activating the motomeurons, we bypassed motor cir¬ 
cuitry in the brain and spinal cord where corollary discharge 
signals are likely generated [43, 44]. Initially, we used the 
serotonin agonist quipazine, a dmg known to directly activate 
spinal motomeurons to induce stepping [45]. As we predicted, 
animals injected with quipazine (but not saline) exhibited vig¬ 
orous movements of the hindlimbs that were reminiscent of 
waking movements but, in contrast with waking movements, 
sensory feedback from the movements was robustly relayed to 
Ml. 

Next, we designed two methods to evoke expected and 
unexpected self-generated movements in the same subjects, 
thereby allowing us to directly compare the effects of the 
two types of movements on Ml activity. To produce an unex¬ 
pected self-generated movement, we flicked the tail of the 


animal, thereby triggering a spinal reflex that in turn elicited 
a hindlimb movement. We assumed that this tail-to-hindlimb 
spinal reflex circuitry would not recmit corollary discharge 
mechanisms. To produce an expected self-generated move¬ 
ment, we applied a cold stimulus to the snout of the pup, 
thereby causing global arousal and vigorous hindlimb move¬ 
ments. Because this method activated motor networks in the 
brain, we assumed that it would recmit corollary discharge 
mechanisms. Once again, as predicted, only the unexpected 
movements caused by flicks of the tail triggered robust activ¬ 
ity in Ml. 

All together, these results led us to infer that twitching is a 
self-generated movement that is processed as if it is unexpect¬ 
ed. To our knowledge, this is the first such behavior to exhibit 
this characteristic. Importantly, this finding has intriguing 
functional implications. Specifically, under normal waking 
conditions, the filtering of sensory feedback by corollary dis¬ 
charge mechanisms makes functional sense. But for a devel¬ 
oping infant that relies on activity-dependent mechanisms for 
the development of neural networks, the engagement of cor¬ 
ollary discharge mechanisms and the resulting filtering of sen¬ 
sory feedback would be counterproductive—such filtering 
would deprive the pup of important sensory information about 
the structure and biomechanical properties of its limbs. There¬ 
fore, in showing that twitches differ from wake movements on 
this critical dimension, we have provided additional support 
for the notion that they participate in a unique way in the 
development of the sensorimotor system. 

Sensorimotor Deficiencies and Neurodevelopmental 
Disorders 

If we think of our various sensorimotor, cognitive, and emo¬ 
tional systems as modular and encapsulated, then there is no 
harm in studying them separately. But such modular thinking, 
we believe, is misguided. Cognition is embodied [46]; there¬ 
fore, we should not be surprised by the fact that people with 
severe mental illness (e.g., schizophrenia, autism) typically 
exhibit pronounced sensorimotor deficits. The studies de¬ 
scribed in this review address the role that sensorimotor pro¬ 
cesses during sleep play in the activation of the infant brain. In 
that context, it seems reasonable to suggest that any genetic or 
environmental factor that dismpts twitching and its effects on 
brain activity could, in turn, dismpt downstream developmen¬ 
tal processes that depend on sensorimotor processing. In other 
words, sensorimotor dysfunction in early development could 
drive later-emerging cognitive and emotional problems. It fol¬ 
lows that a thorough understanding of sleep and twitching in 
early development may prove useful for the early detection 
and treatment of mental illness. 

For example, our recent findings regarding corollary dis¬ 
charge mechanisms in early infancy [7] open new avenues for 
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research into the mechanisms of state-dependent modulation 
of the sensorimotor system in health and disease. Of particular 
interest here is accumulating evidence that people with schizo¬ 
phrenia exhibit deficits in the functioning of their corollary 
discharge system, potentially explaining such positive symp¬ 
toms as hallucinations and delusions of control [47]. Our 
methods and concepts could easily be exported to investiga¬ 
tions of sensorimotor processing in children at risk for 
schizophrenia. 

As another example, consider the well-established links 
between early cerebellar damage and autism, as well as “evi¬ 
dence that the cerebellum may guide the maturation of remote 
non-motor neural circuitry and influence cognitive develop¬ 
ment” [48]. Indeed, the cerebellum has been implicated in a 
variety of cognitive processes and mental disorders [49]. In 
light of our recent demonstration of cerebellar activation by 
sleep-related twitching [37], it seems plausible that active 
sleep is an important moderator of cerebellar development 
and the downstream consequences of alterations in that devel¬ 
opment. For example, as shown many years ago in infant 
rodents, twitching is very sensitive to changes in the thermal 
environment [50], which may help to explain the link between 
extreme environmental deprivation and the development of 
autism-like characteristics [51]. 

Conclusions 

Twitches appear ideally suited to instruct the brain about the 
rapidly developing body. On the motor side, twitches are pro¬ 
duced in a non-random, organized fashion, and complex pat¬ 
terns of twitches are selectively enhanced or eliminated 
throughout development. In other words, the structure and 
pattern of twitching is organized but flexible. Additionally, 
unlike the continuous movements occurring during wakeful¬ 
ness, twitches are produced discretely against a background of 
muscle atonia, providing a high signal-to-noise ratio. On the 
sensory side, early in development, twitches are a primary 
activator of neural networks throughout the central nervous 
system. The sheer quantity of neural activity resulting from 
twitches alone provides a sizeable amount of sensory experi¬ 
ence at ages when activity-dependent development is so im¬ 
portant [52]. Lastly, it is imperative that sensory information 
arriving from the periphery is transmitted with high fidelity, 
which is made possible by the apparent lack of corollary dis¬ 
charge mechanisms during twitching. 

The findings described here provide evidence that strongly 
implicates twitching as playing an important and unique role 
in sensorimotor development. The fact that twitches occur so 
prevalently during developmental periods associated with ac¬ 
celerated growth [1], reflex integration [9], and locomotor 
development [14] seems unlikely to be a mere coincidence. 
On the contrary, the evidence seems to be pointing the other 


way, in favor of the notion that active sleep and its associated 
twitching during early development were selected over long 
periods of evolution for their ability to provide animals with 
an effective system for learning about their bodies. 
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